Abstract It has been suggested that the frequency in the co-rotating innermost stable circular orbit (ISCO) about a compact stellar remnant can be determined through Xray observations of low-mass X-ray binaries, and that its value can be used to constrain the equation of state of ultradense matter. Upon constructing numerical models of rapidly rotating strange (quark) stars in general relativity, we find that for stars rotating at the equatorial mass-shedding limit, the ISCO is indeed above the stellar surface, for a wide range of central energy densities at a height equal to 11% of the circumferential stellar radius, which scales inversely with the square root of the energy density, ρ 0 , of self-bound quark matter at zero presure. For these models, the ISCO frequency is 81.5±1.5% of the stellar rotational frequency, whose maximum value Ω K = √ 3.234 Gρ 0 is attained for a model close to the maximummass model, with M = 2.86M ⊙ (ρ 0 /4.2×10 14 g cm −3 ) −1/2 . In contrast to static models, ISCO frequencies below 1.1 kHz are allowed-in fact, at the canonical value ρ 0 = 4.2 × 10 14 g cm −3 , the ISCO frequencies of rapidly rotating strange stars can be as low as 0.9 kHz for a 1.3M ⊙ strange star. Hence, the presence of strange stars in lowmass X-ray binaries cannot be excluded on the basis of the currently observed frequencies of kHz QPOs, such as the cut-off frequency of 1066 Hz in 4U 1820-30.
Introduction
The discovery of millisecond variability in the flux of lowmass X-ray binaries (LMXBs) has raised the prospect of constraining the properties of matter at supranuclear densities, which is thought to make up the compact stellar remnant in these sources. Conventionally, the compact objects is taken to be a neutron star, and it has been shown (Kaaret et al., 1997; Kluźniak, 1998) how the assumption that the highest observed frequency in the X-ray flux is the orbital frequency in the innermost (marginally) stable orbit about the star (Kluźniak and Wagoner, 1985; Syunyaev and Shakura, 1986; Kluźniak et al., 1990) leads to significant constraints on the equation of state of matter at such densities, as very few models of ultra-dense matter admit neutron stars of mass high enough to allow maximum orbital frequencies as low as the observed values in the quasi-periodic oscillations (QPOs)-for instance, the QPO frequency in 4U 1820-30 saturates at 1.07 kHz (Zhang et al., 1998) .
Still, the evolutionary status of LMXBs and the nature of the accreting compact object are not clear. It is known that the X-ray bursters cannot be black holes, because their photospheric radius and the temperature during the burst both tend to a definite value, thus showing the presence of a stellar surface, which is also required to explain the (type I) X-ray bursts as thermonuclear explosions of accreted material. The inferred radii (and masses) are consistent with models of neutron stars, but it is possible that the compact object is a "strange", i.e. quark, star (Cheng and Dai, 1996) . If it were, at least in the sources 4U 1820-30 and 4U 1636-53, then the energy density of self-bound quark matter at zero pressure would have to have the unusually low value ρ 0 < 4.2 × 10 14 g cm −3 , if the maximum observed frequencies of the kHz QPOs were the orbital frequencies in the ISCO about slowly rotating strange stars; and the observed QPO frequencies could not be the orbital frequencies at the surface of such stars, for any value of ρ 0 (Bulik et al., 1999) .
However, it seems likely that in these very old LMXBs, the compact star has been spun up through accretion to very high 1 frequencies-a neutron star would have to accrete only ∼ 0.2M ⊙ to attain angular momentum J = 0.6GM 2 /c (Kluźniak and Wagoner, 1985) . A strong magnetic field could prevent rapid rotation, but strange stars may not support such a field (Horvath 1999 ). We . A large increase of the radius and maximum mass is evident as the stellar rotation rate increases from zero to the equatorial mass-shedding limit.
show that if LMXBs harbour rapidly rotating strange stars, the constraints from kHz QPOs on the stellar mass and on ρ 0 are relaxed to a surprising degree. We also discuss the rotational frequency of "Keplerian" models of strange stars, i.e. ones in which the rotation rate at the stellar equator is equal to the orbital frequency for the star, at the same equatorial radius.
Strange stars
Quark stars are likely to exist if the ground state of matter at large atomic number is in the form of a quark fluid, which would then necessarily be composed of about equal numbers of up, down, and strange quarks (Bodmer, 1971) . Today, such matter is called strange matter. Its thermodynamic properties have been discussed in detail by Farhi and Jaffe (1984) in the context of quantum chromodynamics. The first relativistic model of stars composed of quark matter was computed by (Brecher and Caporaso, 1976) . The cosmological consequences of the presumed existence of strange matter were first discussed in detail by (Witten, 1984) , who also showed that the maximum mass and is 2M ⊙ for ρ 0 = 4×10 14 g cm −3 . Detailed models of strange stars have been constructed by (Alcock et al., 1986) and (Haensel et al., 1986) .
Astrophysical implications of these ideas are not yet clear. It has been pointed out that young, glitching radio pulsars are probably neutron stars (Alpar, 1987) , and that strange stars are unlikely to be present in Hulse-Taylor type binaries, as their coalescence may lead to dispersal of nuggets of quark matter which would have precluded the formation of young neutron stars in the Galaxy (Madsen 1988, Caldwell and Friedman 1991) . However, there seems to be no objection to millisecond pulsars or the compact objects in LMXBs being strange stars (Kluźniak, 1994; Cheng and Dai, 1996) , and it has even been suggested (Madsen 1999 ) that millisecond pulsars can be formed directly in supernovae, if they are strange stars [unlike neutron stars, whose rotation rate would be quickly damped by the r-mode instability (Andersson et al., 1999) , (Lindlbom et. al., 1998) , (Kokkotas and Stergioulas, 1999) ].
Our work is informed by the question whether the presence of strange stars in LMXBs can be excluded on the basis of the observed timing properties of these sources. quency of the kHz QPOs in sources such as 4U 1820 -30 (1.07 kHz) is not too low to be compatible with the maximum mass of strange stars (Bulik et al., 1999) . For this reason, in constructing our models of strange stars, we have focussed on an equation of state which yields the largest masses of static strange star models:
We have also investigated the more general case, where the factor of 1/3 in eq. (1) is replaced by a different positive constant, a ≤ 1.
Keplerian models of strange stars
We have computed exact numerical models of strange stars in general relativity using the (Stergioulas and Friedman, 1995) code (see Stergioulas 1998 for a description). In this code, the equilibrium models are obtained following the KEH (Komatsu et al. 1989 ) method, in which the field equations are converted to integral equations using appropriate Green's functions. The detailed expected properties of strange stars depend on the adopted theory of interactions. All models presented here were constructed using eq. (1) for the equation of state. For our models of rotating stars, we find that mass and radial quantities (e.g., the stellar radius and the height of the ISCO above it) scale as ρ −1/2 0 , just as for the static stars, while the frequencies scale as ρ 1/2 0 . For the more general e.o.s. P = a(ρ − ρ 0 ), we confirm the approximate scalings of (Lattimer et al., 1990 ) to within 9 %, that is, we find that for our Keplerian models, the maximum stellar mass scales as a 1/2 , the stelar radius scales as a 1/4 , and the rotation rate of the star scales as a −1/8 . Thus, between the scalings with ρ 0 and with a, the numerical results presented here can at once be extended to the general e.o.s. of strange matter.
In Figs. 1 through 3 , we present the mass, radius and the ISCO frequencies in our Keplerian models, for three values of ρ 0 , and compare them with the static models. In Fig. 4 we present the ISCO angular frequencies as a function of the central energy density of the strange star, and also exhibit the (larger) angular frequency of the star itself. Note, that because of the scalings with energy density, the maximal rotation rate of a strange star (which is very close to the rotation rate of the maximummass model in Table 1 ) is described by the simple formula Ω K = √ 3.234 Gρ 0 , where G is the gravitational constant. . Note that in all cases, the co-rotating ISCO is above the stellar surface and, as exhibited in Fig. 3 , the ISCO frequencies are much lower for the Keplerian models than for static models (at fixed stellar mass) and differ considerably from their lowest-order slow-rotation approximation. The significant departure from the slow-rotation result is explained by the unusually large oblateness of rapidly rotating strange stars, and the fact that the ISCO frequency and height depend not only on the angular momentum, but also on the stationary quadrupole moment, in rapidly rotating stars (Shibata and Sasaki, 1998) . Figure 3 . The frequency of the co-rotating innermost stable circular orbit as a function of mass for static models (thin, continuous line) and for strange stars rotating at the equatorial mass-shedding limit (thick lines, in the style of Fig. 1 ). For the static models, f + = 2198 Hz(M ⊙ /M ), and the minimum ISCO frequency corresponds to the maximum mass, denoted by a filled circle, an empty circle, and a star, respectively for ρ 0 /(10 14 g cm −3 ) = 4.2, 5.3, and 6.5. Note that the ISCO frequencies for rapidly rotating strange stars can have much lower values, and f + < 1 kHz can be achieved for strange stars of fairly modest mass, e.g. 1.4M ⊙ , if the star rotates close to the equatorial massshedding limit.
Conclusions
We have calculated exact models of rotating strange stars-these computationss are in excellent agreement (Table 2 ) with the very recent results obtained by a highly accurate code based on spectral methods (Gourgoulhon et al., 1999) . We found the scalings of M , R, Ω with the parameters a, and ρ 0 in the equation of state of self-bound quark matter P = a(ρ − ρ 0 ). In addition, we calculate the innermost stable orbits and find that, unlike for static models, for strange stars rotating at the equatorial massshedding limit the orbital frequencies can extend to values below 1.1 kHz. For the same models the radius of the ISCO is about 11% larger than the circumferential stellar radius, independently of the central density, or the value of ρ 0 .
Our results show that the highest observed QPO frequencies in low-mass X-ray binaries (such as 1.07 kHz in 4U 1820-30) could be the orbital frequencies in the innermost stable circular orbit about strange stars, if only the stars are rotating sufficiently rapidly (as is expected in these old accreting sources). Thus, the compact objects in LMXBs could, in principle, be rapidly rotating strange stars. Further conclusions about the nature of LMXBs and of the kHz QPOs would be possible, if either the mass or the rotational period of the accreting stellar remnant were known.
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